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By VernonA. SlabeyandEdwardA. Fletcher
SUMMARY
Fluorineandwatervaporreactextremelyslowlyornotat allin
thegasphaseat 35°C atpartialpressuxesofthereactantsupto40mm
ofmercury.Theyreactat surfaces;thekineticsarefirstorderwith
respectoeachofthereactants.AtKel-Fwax-coatedsurfaces,therate
ofdisappearanceoffluorineis expressedby
dlq-—=
dt 1.6X10-4A’JF21[%01
a?z
where
-K is therateofdisappearanceoffluorineinmolesper
. second,& isthesurfacearea(sqcm)ofthereactionvessel,and[F2]
and[H20]aretheconcentrationsinmolesperliterofthereactants.
*I Neitherozonenorhydrogenperoxideisformedtoa measurableextentin
thereaction.
INTRODUCTION
Oneof severalmethodsproposedfordisposingoffluorine(refs.1
and2)underconditionswherethefumescannotbe confinedis theuseof
watersprays.Itwasnotlmown,however,whetherthereactionofgaseous
fluorinewithwatervaporwouldbe sufficientlyrapidtoreducefluorine
concentrationsbelowthetoxicitylimitswithina reasonabletime. It
wasanticipatedthatthermovalof smallresidualconcentrationsof
fluorinevapormightbe especiallydifficult.Thepresentinvestigation
wasdonetodeterminetherateofreactionofgaseousfluorinewithwater
vapor.Thereactionwasstudiedat 35°C withintherangeof 20to40
mil~meters(mercury)offluorinepressureand9 to 20millimeters(mer-
cury)ofwatervaporpressure.
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AFPARATUSANDEXPERIMENTALPROCEDURE
.
b-
Theapparatusinwhichtheexperimentswereconducted(showninfig.
1)consistedessentiallyofa reactorsubmergedina thermostatically
controlledconstant-temperaturebath,a waterreservoir>a fluorineres-
ervoir,trapsforcollectingproducts,andconnectinglinesforthead-
missionofreactantsandtheremovalofprcducts.Theentireapparatus
wasmadeofPyrexglass.Inmostoftheexperiments,theinnersurface
ofthereactorwascoveredwithKel-F‘waxtominimizereactionwithhy-
drogenfluoride.Stopcockswerelubricatedw+thKel-Fstopcockgrease,
andthemercuryin themanometerswasprotectedfromfluorineby float-
inga smallsmountofKel-FPolymerOilNo.3 onthemercury.
A typicalexperimentis described:Theentireapparatuswasevac-
uatedto lessthan10‘3millimetersofmercury,anda smallquantityof
watervapor,previouslydegassedby alternatefreezing,evacuation}and
melting,wasadmittedto thereactorby openingtheappropriatestopcocks
betweenthereactorandthewaterreservoir.Thepressureofthewater
vaporadmittedtothereactorwasdeterminedbymeasuringthetempera-
tureofa bathsurroundingthewaterreservoirandby readingthemanom-
eterconnectedtotheadmittingline.Thequantityofwatervaporin
thereactorwasthendeterminedby thepress~e,thetemperature(35°C)
ofthebathsurroundingthereactor,andtheknownvolumeofthereactor.
Aftertheconnectinglineswereagainevacuated,fluorinewasadmitted
tothefluorinereservoir.Aboutone-fifthofthefluorinein theres-
ervoirwasthenpermittedtobleedintothereactor.Thepressureof
fluorineinthereservoirwasneverpermitted.tofallbelowapproximately
fivetimesthepressureinthereactor;thispreventedbackdiffusionof
thereactants.Thequantityoffluorineintroducedwasdeterminedfrom
thechangeinpressureinthefluorinereservoir(indicatedby thead-
jacentmanometer),theknownvolumeofthereservoirandconnecting
lines,andtheambientemperature.Thereaction*ture ws stirred
duringthecourseofthereactionby a magneticallydrivenTeflonfan.
At theendofthereactionperiod,theproductsandtheunreacted
fluorineandwatervaporwereslowlypumpedoutofthereactorthrough
liquid-nitrogen-chilledtraps.Thereactionproductsthatcondensedin
thetrapswerefixedby addingdilutesmmoniumhydroxidesolution.The
contentsofthetrapswerethenanalyzedfor’fluorideionby a method
involvingdistillationfthesamplewithperchlorica idandtitration
withthoriumnitratesolution(ref.3).
Experimentsinwhichthesurfaceareaw% increasedbytheaddition
ofKel-Fwax-coatedbeadstothereactorwerealsorun.
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RESULTSAND
Ithasbeen
betweenfluorine
previouslyreported
andwateris
DISCUSSION
(ref.4)that
F2+H20+2m+ +02
theprincipalreaction
(1)
C!ady(ref.5) statesthathydrogenperoxideando~gen difluorideare
C& alsoformedin thereaction.Reference4, however,indicatesthatoxygentifluorideisformedonlyin smallamounts.A LinrLtedtestsin thepresentIn workindicatedthatneitherhydrogenperoxidenorozonewasa significant
product,sincethesamplesusedforfluorideanalysesdidnotcontainany
oxidizingmaterials.Itwasthereforeconcludedthattheamountofhy-
drogenfluorideformedatanygiventimewouldbe indicativeoftheex-
tentofreactionbetweenfluorineandwaterinaccordancewitheaua-
tion(l).
q
~
GrossNatureofReaction
. Preliminaryexperimentsshowedthattherateofformationofhydro-
genfluoridewasaffectedby thenatureofthereactorsurface.For
example,therateofformationofhydrogafluorideina Pyrexglass
%’ reactorwasabouttwicetherateina reactorcoatedwithKel-F-j
thissuggeststhatthereactionwasheterogeneous.In subsequentstudies,
a Kel-Fwax-coatedreactionvesselwasused.
Withtheinitialreactantconcentrationheldconstant,thereactor
volumeandsurfaceareawerevariedina seriesofexperiments.The
datafromtheseexperiments(fig.2) showedthattheamountoffluoride
ionformedina giventimewasroughlyproportionaltothesurfacearea
ofthereactor;thissuggeststhatthegas-phasereactionwasquiteun-
importantcomparedwiththesurfacereaction.
OrderofReaction
Theexperimentalquantitymeasuredwastheamountoffluorideactu-
allyformedina giventimeina Kel-Fcoatedvesselhavinga known
volune,surfacearea,andinitialreactantconcentration.Thesedataare
showninfigure3 fora flaskhavinga volumeof 2.1litersanda surface
areaof 793squarecentimeters.Thethreecurvesareforthethreeini-
tialconditionsthatwereusedto establishtheorderofthereaction.
Theamountofhydrogenfluorideformedafter30minuteswasdetermined
fromthesethreefairedcurvesforeachofthreeinitialsetsofreactamt
concentrations.Theresultsareshownin tableI. J?rcmcurves1 and2,
wheretheinitialwaterconcentrationwasthesame,theorderwithrespect
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tofluorinewasfoundtobe Shout0.88.Frticurves2 and3,wherethe
initialfluorineconcentrationwasheldconstant,theorderwithrespect
.
towaterwasfoundtobe about1.06.Thereactionwasthereforeassumed
tobe firstorderwithrespectoeachofthereactants.
KineticsofSurfaceandGas-PhaseReactions
Additionalexperimentsweredoneinwhichthevolume,surfacearea
ofthereactionvessel,andalsotheinitialreactantconcentrations
werevaried.Theresultsoftheseexperimentsaretabulatedin table
11,whichcontainstheresultsofalltheexperimentsfromwhichdata
weretakenforthepresentanalysis.
Themolarrateofformationofhydrogenfluoridewasassumedequal
totwicethemolarrateofdisappearanceoffluorineandofwater}in
accordancewithequation(l). Sincetherelativeratesofreactionat
thesurfaceandinthegasphasewerenotknown(althoughthereaction
wasknowntobe heterogeneous),thereactionwasassumedtofollow
second-orderkineticsbothat thesurfaceandin thegasphase.As
shownlaterinthereport,thisassumptiondoesnotaffecttheresults.
Heterogeneousreactionsareusuallyquitecomplex,andthekinetics
arefrequentlyhardtointerpret.However)-ifthereactionproductsare
notadsorbedonthereactorsurfaceandthereactantsonlysparselycover
thesurface,thereactionkineticsappearto.followthesameratelawas
simplegas-phasereactionsexceptfora factorthatinvolvesthesurface
area(ref.6). ‘I!&rateofdisappearanceoffluorineina particular
reactionvesselcanthereforebe expressedas thesumoftheratesat
thewallandinthegasphase.Therateof,,disappearancet thewall ..
is ~[F2][H20], where ~ isa rateconstantperunitareaofthe
surface,& istheareaofthewall,andthebracketedfactorsarethe
reactantconcentrationsinnolesperliter.Therateofdisappearance
inthegasphasewillbe kgVg[F2][H20])wherekg istherateconstant
.
cl
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forthegas-phasereaction,and
‘g isthetotalvolumeofreactants.
Then,
dF2
-— =k#w[F2][112C)] +kgvg[Fk][Iw]dt (2)
where -dF2/dtisthe
secondina particular
volumeVg. If x is
rateof disappearanceoffluorineinmolesper
reactionvesselhavinga surfacearea & anda
thetotalnumberofmolesoffluorineusedupat l
b
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. time t,and a and b representtheinitial
perliteroffluorineandwater,respectively,
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concentrationsinmoles
then
m
mll-l
m
where
(++)*=(%f%+q@a’vg (3)
=
~(a -t)(b -e)
(4)
‘t
=kwAw+k Vgg
%
~=~z+kg
% I
(5)
Intheseexpressions~ isan over-allrateconstantfora par-
ticulareactionvesselandjexceptforthedependenceimpliedin its
definition,isnotofam.yparticularsignificanceasfaras thechmical
reactionis concerned.Wtegrationof equation(4)leadsto
.
(6)
Valuesof ~ aretabulatedin tableII. Since ~ isrelatedto ~
and kg throughequation(5)j thedeterminationf ~ forseveral
vesselsleadsto theevaluationof kg and ~. Fromequation(5) a
plotof kt/Vg againstAJVg shouldyielda straightline,ofwhich
theslopeis ~ andtheinterceptis ~. Thedataforsucha testare
tabulatedintable
ure4 isa plotof
whichwasobtained
III
the
andplottedinf@&e 4. Thelineshownin fig-
equaticm
k-t J-%—=
Vg 1.611X10-4~ + 10-4g
by a least-squarestreatientofthedata. Thevalue
. of ~ istherefore1.6x10-4liter2/(mole)(sec)(cm2)) and kg is 10-4
liter/(mole)(see).
Y
6Relative
Theratioof
thevolumeoftie
I@ortanceof SurfaceandGas-Phase
therateofreactionat
reactantsisgivenby
Rateat wall
Rateingasphase
thewallto
=—
‘gvg
Fora sphericalvessel,thisratiois givenby
Rateatwall 4.8x103=—
Rateingasphase“- r
where r is theradiusofthevesselin centimeters.
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Reactions
theratewithin
—
Theradiusofthe
vesselusedinmostofthepresentstudieswasapproximately8 centi-
meters.Therateofthesurfacereactionwasthenabout600timesas
greatas therateofthegas-phaser adionj that is,withinexperimental
error,-thegas-phasereactionws completelynegligible.
If
surface
RateofSurfaceReaction .
thegas-phasereactionisneglectedtherateconstantforthe
reactionis givenby
.-,
-#
v ()ab-~
r)
‘t
%=~t(bg-a)kb a-$ ‘~
$
(7)
Thevaluesof’~ obtainedfromtheapplicationfequation”(7)to
thee~erimentaldataaregivenintableIIandareplottedas a func-
tionoftimeinfigure5. Includedarefourdatapointsat 3600seconds
fromvesselshatingdifferentsurfaceareas.Thevalueof ~ remains
essentiallyconstantovera widerangeoftime>fromabout1800to
21j600seconds.Duringthistimeinterval,thereactionhadgonefrcun
about11to 62percentcompletion.Datapointsobtainedaftershorter
intervalsindicatedthattheremightbea departurefromsimplesecond-
orderkineticsduringtheearlystagesofthereaction,butthesewere
theleastreliablepointsfortworeasons:(1)Thetimerequiredfor
sampling(appra.300see)waslargecomparedwiththereactiontime,
and[2)theamountofhydrogenfluorideformedwasquitesmall.Thus) A
theeffectofanalyticalerrorswaslarge.Correctionfortheseerrors
mightwellputthesedatapointsonthelinedrawnthroughtheother
*
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datapoints.The
inga duraticmof
7
averagevalueof ~} obtainedfromalltherunshav-
3600secondsorgreater,wasagain1.6x10-4
liter2/(mole)(see)(cm2).Therateof disappearance
Kel-Fcoatedsurfacecanthereforebe expressedby
d??z
-—= 1.6X10-4&[F2][H@~dt
offluorineat a
CONCLUSIONS
A studyoftherateofreactionofgaseousfluorinewithwater
vaporat 35°C atpartialpressuresofthereactantsup to40milli-
metersofmercurysuggestedthefollowingconclusions:
1.Withinthepressurerangestudied,thereactionoffluorinewith
waterin thevaporphaseproceedsextremelyslowlyornotat all.
2.A reactionbetweenfluorineandwateroccursat solidsurfaces.
tiglassvesselsthereactionis somewhatfasterthaninvesselscoated
withKel-Fwax.
.
3.Thekineticsofthereactioncanbe interpretedbyassumingthat
/’ thesimplestypeofheterogeneousreactionbetweenthetwogasesis
occurring,thatisjoneinwhichtheproductsof thereactionarenot
appreciablyadsorbedonthereactorsurfaceandthereac~ts only
sparselycoverthereactorsurface.
4. Thesurfacereactionisfirstorderwithrespecto eachofthe
reactants.Therateofdisappearanceoffluorinefroma mixtureofwater
vaporandfluorinein contactwitha Kel-Fsurfaceisproportionaltothe
surfaceareaandtheconcentrationsofeachofthereactants.It iS ex-
C3F2
pressedby- ~ = 1,.6x10-4AW[F21[%01l
5. Condensable(at-196°C)oxidizingagentssuchas H202and03 do
notappeartobe formedin thereaction.
6.Watervaporprobablywouldnotbe a goodscavengerforfluorine.
.
w
LewisFlightF&opulsionLaboratory
NationalAdvisoryCcmmitteeforAeronautics
Cleveland}Ohio,June26,1958
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Curve
1
2
3
TABLEI. - ORDEROFREACTION
(mole/liter)X1031
F2 ~o
2.19 0.91.1 0.0193
1.12 .911 .0107}
1.12 .463 .0052i
Orderwith
respecto -
T
0.88
1.06
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TW Reac-tiOiltime,sec
66 12C
68
70
64
65
42 60C
37
48
38 1,2(X
41
47
94 1,8CC
39
43
46
61
55 3,60C
96
50
54
58
62
99 5,400
59
60
.017,200
.02
.03
04 10,800
5210,800
5321,600
,133,600
14
u
12
Initial
fluorine
tration,
a
/lolelite]
X103
1.089
1.072
1.100
2.206
2.177
1.125
1.123
1.109
1.002
1.154
1.103
1:123
1.116
1.110
1.147
2.234
1.100
1.074
1.101
2.150
2.142
2.240
1.069
2.219
2.199
1.129
1.123
1.121
1.156
1.096
1.103
1.121
1.031
1.123
1.123
mm—
rater
:oncen-
mationj
b,
ole/litel
)(103
0.9109
.9109
.9162
.9267
.9109
.9057
.9162
.9109
.9319
.9109
.9109
.5414
.9319
.9214
.9109
.9109
.4425
.4633
.9109
l9005
.9109
.9109
.4738
.9109
.9109
.4633
.4633
.4581
.4633
.9109
.9109
.474
.463
.463
.463
TABLEII.-KmlmIcnATA
Luorine
sacted,
x,
21eX103
2.124
.108
.118
.221
.126
.189
.177
.153
.156
.330
.300
.124
l33L
.342
.259
.634
l220
.197
.368
.774
.705
.724
.275
.913
.990
.302
l313
.356
.457
.834
..18
.344
.334
.585
.576
2.1
2.035
2.035
1.836
1.836
?eactol
3urfacf
mea,
i3qcm
793
1572
L572
3918
39i8
kt~
liters2
[mole)(see)
1009
.953
1.05
.979
.554
.33Q
.319
.265
l150
.303
.288
.124
.212
.231
.I.56
.226
.153
.130
.123
.158
.137
.136
.126
.128
.147
.104
.109
.132
.120
.128
.125
.243
.263
.640
.623
3.2*2
:mole)(see)(cm2)
x104
13.81
12.02
13.27
12.34
6.98
4.16
4.02
3.34
1.89
3.82
3.63
1.56
2.67
2.91
1.97
2.85
1.93
1.64
1.55
1.99
1.73
1.71
1.59
1.61
1.85
1031
1.37
1.66
1.51
1.63
1.58
1.54
1.67
1.63
1.59
11
.
TABLEIII.- OVXR-AILRATECONSECANE!FOR
TKREEDIFFERWTREACTIONVESSEIS
?esselSurfaceVolume, %> %& %&
area, liters liters2
Sqcm mole) sec
1 793 2.1 ao.130 0.062 377.6
2 1572 2.035 b.243
b.263
,119 772.5
2 1572 2.035 .129 772.5
3 3918 1.836 b.640 .3492134.0
3 3918 1.836 b.623 l3392134.0
aAverageofalldeterminationsof 3600secor
greaterduration.
b3600-Secruns.
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